Introduction
The role of natural gas in a future decarbonized European energy system is yet unclear. There is a great range of perspectives on the importance of natural gas a few decades into the future-both regionally and globally. Natural gas could play the role of a "bridging fuel" during a transition phase, or serve as the main backup fuel for intermittent renewable power generation. However, it could also be steadily phased out and substituted for by non-fossil fuel alternatives which would quickly become economic under stringent climate policies. While the European Energy Roadmap to 2050 suggests a development in the latter direction with a decreasing natural gas consumption over the next few decades (EC, 2011a), the New Policy Scenario of the International Energy Agency sees a consistently large role for natural gas in the next decades (IEA, 2012 ).
This paper is written within the framework of the Energy Modeling Forum (EMF) no. 28, which particularly investigates GHG mitigation pathways for the EU until 2050. Focusing on the natural gas sector we pose the question if the current infrastructure is capable to accommodate the identified lowcarbon energy system. Even if natural gas consumption stabilizes at current levels in Europe, due to depleting reserves and decreasing domestic production in Europe net imports would increase and, hence, more infrastructure is likely needed to facilitate those imports.
Since Van Oostvoorn et al. (2003) , several academic and policy studies have pointed to the fact that more interconnection in the European natural gas network is necessary (Lise and Hobbs 2008; EC, 2006 TEN-E Communication) . The European Commission has recognized the need to strengthen infrastructure in a transitioning system to a climate-friendly economy in its proposal for a "Connecting Europe Facility" (EC, 2011b), after already giving support in its TEN-E program (EC,
2006) and in the European Economic Recovery Plan (EU, 2009). Especially Central East and South
East Europe are still not well-connected to other parts of Europe and to other exporters than Russia, to diversify their supplies. Moreover, it is argued that additional infrastructure is needed to facilitate a level playing field for all market participants and to reach a competitive market in the EU (e.g. EC, 2011c) . Following the "dash for gas" of the past decade and with the European Commission and
Member States aiming at improving supply security after several disruption episodes (e.g. Stern 2010), many infrastructure projects have been agreed or started and are due for completion before 2020.
In order to investigate the need for further investments after 2020 we rely on numerical modeling analysis. An earlier EMF, no. 23 on "World Natural Gas Markets and Trade", dealt specifically with the modeling of natural gas markets on a global and regional scale; Huntington (2009) summarizes the results. Several modeling approaches can be found in the literature, of which the most common are optimization models and complementarity (equilibrium) models. Optimization models are often set up as linear programs including a great level of technical detail (in linearized functions). The EUGAS model (Perner and Seeliger, 2004 ) and the TIGER model (e.g., Lochner and Bothe, 2007, Dieckhöh-ner, 2012) are two of the most detailed optimization models of the European natural gas sector. They include a complete data set of European pipelines of different pressure-levels and dispatch is optimized in the given network. André et al. (2009) presents an infrastructure analysis based on nonlinear optimization. Midthun et al. (2009) develop a systems optimization approach taking into account the impact of pressure drops on network capacities.
In contrast to optimization, complementarity modeling (also called equilibrium modeling), allows to include imperfect market structures in the representation of the market. Since there is a limited number of suppliers in many European countries, oligopolistic behavior with strategic withholding is a common strategy in the natural gas market . Hence, a model including market power and allowing for the simultaneous solution of optimization problems of several players is preferable.
This literature stream was initialized by Mathiesen (1987) and, after improvements of the computational capacities and the solvers, carried forward by Boots et al. (2004) . Lise and Hobbs (2008) provide an extension of this model (the GASTALE model), while Egging and Gabriel (2006) as well as Egging et al. (2008) develop and improve an alternative model with a detailed player set-up (European Gas Model). Egging et al. (2010) introduce a multi-period optimization in the World Gas Model, allowing for endogenous investment decisions in infrastructure variables. Smeers (1997 Smeers ( , 2008 provides a critical assessment of the use of complementarity models for natural gas markets, in particular for market structure analyses, all by acknowledging its advantages in terms of realism.
In this paper, we employ a complementarity model of the world natural gas market with a detailed representation of Europe to investigate the perspectives of natural gas in the transition to a lowcarbon European energy system. Three pathways for the future role of natural gas in Europe are conceivable and shall be the frame for this paper:
i) natural gas will gradually be used less and less in the energy mix, which is dominated by low-CO 2 alternatives such as renewable electricity, nuclear or coal with CCS;
ii) natural gas will increasingly be used substituting other fossil fuels with a relatively higher carbon content per generated energy-particularly coal. This effect may be intensified by the advantageous balancing properties of natural gas-fired power generation in an increasingly intermittent electricity system in which natural gas acts as a "backup fuel". Other sectors than electricity generation, i.e. transportation and heating may be affected as well;
iii) natural gas will play a vital role during a transition period until CO 2 -free technologies are economically available (naturally gas as a "bridging fuel"). The relatively low carbon intensity of natural gas and the flexibility of gas-fired power generation lead to a short-term increase of natural gas consumption followed by a phase out in the long-term.
In this paper we focus on potential infrastructure needs within the natural gas sector in the setting of a future low-carbon European energy system. We use the Global Gas Model (GGM) to compute the major variables of the European and global natural gas markets: consumption and production, international trade and infrastructure expansion. In the first part, we base our analysis on the EMF-28 decarbonization scenarios as run by the PRIMES model. These results suggest a decreasing importance for natural gas in the European energy system (pathway i). We then define two alternative scenarios to investigate other possible developments of the European natural gas sector (pathways ii or iii, respectively). One pathway (ii, "Back-Up") serves to investigate infrastructure needs in an environment of increasing natural gas consumption, while the second alternative (pathway iii) focuses on the outcome where natural gas plays the role of a "bridge fuel".
Our results suggest that the pipeline and LNG capacities already in place or currently under construction could be largely sufficient to accommodate the European demand for natural gas in most of the scenarios. This particularly holds for scenarios with stringent climate policies. However, allowing for a more diverse natural gas supply, and taking into account the competition for Russian gas with Asia new connections are advisable. In particular pipeline connections from Africa and the Caspian region towards central Europe are significantly expanded in our results. Moreover, within Europe there will be need only for small but important infrastructure investments for improved interconnection between regions (e.g. between the Iberian Peninsula and the rest of Western Europe) and for reverse flows (West-East direction). These small additional capacities will not only serve to import additional volumes but they will also improve supply security considerably as they allow for a diversification of flows. Naturally the increasing natural gas consumption scenario ("Back-Up") is characterized by the most significant pipeline expansions. The "Bridge" scenario results in lower investments in pipelines but higher expansions of LNG facilities to accommodate the (solely) short-term increase in consumption.
The remainder of this paper is organized as follows. In Section 2 the Global Gas Model (GGM) and used data sources are described. By means of the GGM we analyze the impact of the PRIMESbased EMF scenarios in Section 3 on the European natural gas sector. The two alternative, high-gas scenarios are presented in Section 4. In Section 5, we take a closer look at the particular perspectives of South-East Europe. Section 6 concludes.
The Global Gas Model
The Global Gas Model (GGM) is a partial equilibrium model of the natural gas market that numerically simulates global natural gas production, consumption and trade flows. Egging (2013) provides a description of the main model setup and features. The model allows a high level of detail featuring demand seasonality, potential market power of trading agents as well as endogenous investment in storage and transport capacity, both along the LNG supply chain and regarding pipeline connections. Future reference demand and price levels as well as production costs and capacities are based on qualified assumptions and with reference to energy system models. While Egging (2013) presents a stochastic model, in this paper we use a deterministic version, with a particular focus on, and more detailed representation of Europe and an updated data set. Twenty five of the EU27 countries are incorporated individually in the total of 45 country or regional nodes. 1 Figure 1 illustrates the supply chain structure incorporated in the GGM, highlighting the interaction between different players:
producers, traders, storage system operators (SSO) and transmission system operators (TSO) at two different region nodes.
1 Cyprus and Malta did not consume any natural gas in 2010 and are left out. Furthermore, the model separately includes ten East European countries as well as Russia, Turkey, Norway and Switzerland. All other countries are combined in the six regions Africa (AFR), Asia-Pacific (ASP), the Caspian Region (CAS), the Middle East (MEA), North America (NAM) and South America (SAM) to represent all production, consumption and trade in the global natural gas market. See Table 2 in the Appendix for more detail. Producers extract natural gas and sell it to traders. Traders sell the natural gas in the domestic nodes, or rent transportation capacity from the TSO to export the natural gas to other nodes. In the model, all agents are price takers, except for traders who can be assumed to exert market power. All agents operate under complete information and maximize their discounted net present value over the full model horizon under operational constraints (such as production capacity limits) and technical and infrastructure restrictions (such as pipeline capacities and loss rates). To relieve the pressure of (future) infrastructure bottlenecks, the TSO and SSO can endogenously invest in additional transportation and storage capacities respectively.
Producers maximize discounted profits of selling natural gas to an assigned trader, bearing the costs of extraction. Traders generate revenues by selling natural gas to consuming sectors, and bear costs for purchasing natural gas, as well as costs for using storage and transportation services.
Exogenously set parameters define a market power level for some traders, depending on origin and destination. This means that they exert market power à la Cournot and take into account the effect of their supplied quantities on the market prices. The TSO maximize profits from congestion rents on transportation capacities minus incurred investment costs. As price takers, the TSO will invest as much in additional capacity of a specific arc (connection), that the discounted congestion rents equal the marginal investment costs. In a similar way the SSO are in charge of the storage facilities.
This "multi-agent economic game on an underlying transportation network" (Egging, 2013 ) is developed as a mixed complementarity problem (cf. Facchinei and Pang, 2003) , implemented in GAMS (Brooke et al., 2008) and solved using the PATH solver (Ferris and Munson, 2000) .
The model is fully parameterized regarding production capacities and costs, reference prices and consumption levels, transportation and storage capacities, costs and losses. Currently, the base year is 2010, the reporting horizon is 2050, and each fifth year in the horizon is included. 3 Production cost functions used are the ones proposed by Golombek et al. (1995) IEA, 2011) . We assume that the production capacities are between 1.5% and 15% higher than the production forecast levels. The inverse demand curves for consumption are based on reference consumption levels from the same sources as the production references and the sectors shares in the year 2010. The fixed price elasticities for each sector are:
residential -0.25, industry -0.4, power -0.75 (cf. van Oostvoorn et al., 2003) . More detail of the input data for production and consumption modelling can be found in the Appendix in Tables 3 and 4 annually and the discount rate is set to 10%. More detail of the input data for the transportation segment of the model can be found in the Appendix in Tables 5 and 6 .
In the baseline scenario EU1, reference global consumption and production grow by 67% between 2010 and 2050. The natural gas consumption in North America gradually increases until 2035
and stabilizes at +20% relative to 2010 consumption. In South America, natural gas consumption doubles from 2010 to 2040, and stagnates thereafter. In the European Union, natural gas consumption gradually decreases (-20% by 2050), but there are large variations from one country to the next (see Section 3). In neighbouring European countries, including Turkey, natural gas consumption decreases, but with smaller percentages than the EU average. African natural gas consumption doubles by 2035 and continues growing thereafter but at a lower rate (+153% by 2050). Russian and Caspian natural gas consumption gradually grows with about 40% by 2050. In the Middle East, natural gas consumption approximately doubles by 2035, and continues growing at a lower pace (+128% by 2050). Lastly, the Asia-Pacific region is projected to see the largest growth, with a doubling by 2025, and eventually +186% by 2050.
In most regions, natural gas production is projected to develop along roughly the same trajectories as the respective consumptions (North and South America, Middle East and Africa). However, in the EU27, production is projected to halve between 2025 and 2030 and continues declining to -80% by 2050. In neighbouring European countries, including Turkey, natural gas production decreases, but by just a bit over 1/4. Russia and especially the Caspian region are projected to have a much larger production than consumption increase. Russian production is about 2/3 more by 2035 and in later periods, and the Caspian region doubles its production by 2035 and grows further to +128% by 2050.
EMF Decarbonization Scenarios
This section takes a close look at the implications on the European natural gas market of the EMF decarbonization scenarios that are defined by a technology and a policy dimension. For all scenarios analyzed in this section, reference demand and production levels of natural gas for European countries are based on the PRIMES results of the same scenarios. The PRIMES energy system model forecasts reflect the optimal choice between different technologies in an environment of aggregate EU GHG constraints. The Global Gas Model then allows a deeper look at the sectoral level, in particular at the resulting trade flows through pipelines and via LNG transports. Capacity constraints are taken into account in GGM and potential infrastructure expansions can be analyzed.
In the following analysis we first discuss scenario EU1 that we use as the base case. It is characterized by a moderate climate policy (with a reduction target of -40% GHG emissions by 2050 compared to 1990), no restrictions in technology availability and current learning curves (see Table 1 which summarizes the scenario assumptions). We then highlight model results for variations in the two scenario dimensions. Scenario EU4 represents a change in the set of technologies; scenario EU6 reflects the effects of a stricter climate policy (80% GHG emission reduction) given the same set of technologies as in the base case; scenarios EU7 to EU10 also represent a strict climate policy (80% GHG emission reduction) with varying technology assumptions; EU11, in contrast, is a no climate policy scenario where there is no GHG emission reduction objective. The availability of PRIMES results for specific EMF scenarios determines our choice of EMF scenario runs (highlighted in grey in Table 1 ). In PRIMES, this scenario leads to a reduction of the role of natural gas in the European energy mix. This trend is heterogeneous among EU member states with some countries seeing a major decrease of the natural gas share and consumption level and some other countries actually increasing their natural gas use. However, the overall EU 27 trend unambiguously points to a reduced importance of natural gas: 19 % less natural gas consumption in 2050 compared to 2010 comes with a reduction of the share of natural gas in the primary energy consumption from 24% to 21%.
We use the PRIMES EU1 results of each EU 27 country as data input for reference demand and production of natural gas in Europe for the following decades. (As indicated in Section 2 the outcomes can deviate somewhat from the PRIMES results.) Figure 2 shows how GGM projected natural gas consumption steadily decreases, departing from 18.3 EJ/y 4 in 2010 by 13% to 15.8 EJ/y in 2030.
By the mid-2040s it reaches a level well below 15 EJ/y. Natural gas production within the EU decreases even stronger: from 6.6 EJ/y in 2010 to 2.9 EJ/y (-56%) in 2030 and to 1.3 EJ/y (-80%) in 2050. Except for the Netherlands and Romania all producing countries in the EU stop their natural gas extraction after 2040 at the latest. Domestic production levels decreasing at a faster rate than consumption 4 Following the EMF standard, all data on energy are given in exajoule (EJ), which is equal to 10 18 joules. One unit of EJ corresponds to 26.3 bcm, assuming a calorific value of 38 MJ/m 3 .
necessarily leads to an increasing import dependency. While in 2010 64% of EU natural gas consumption was covered by imports, this rate is goes up to 82% by 2030 and above 90% by 2050.
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As in the input data, the reduction in consumed natural gas is unevenly spread across the member states. The strongest decrease in natural gas consumption takes place in Germany (-27% between 2010 and 2050), the UK (-35%), the Netherlands (-41%) and France (-35%). Some countries increase their natural gas consumption in a shift away from coal, e.g. Greece (+126%), Spain (+30%) and Bulgaria (+26%). This heterogeneity in consumption paths is also reflected in the ranking of countries by natural gas consumption. While the UK has the highest natural gas consumption in 2010, both
Germany and Italy consume more natural gas in 2030 than the UK. Furthermore, Spain becomes a more important natural gas consumer with a higher consumption level by 2025 than France and the Netherlands. The changes in natural gas consumption are mostly triggered by a change in the role of natural gas for electricity generation and for household heating; industry consumption varies hardly.
As EU consumption decreases by less than production not only in relative terms but also in absolute terms net imports increase over time; by 10% to 12.9 EJ/y until 2030 and by 13% to 13.2 EJ/y until 2050 compared to 2010 levels. Underlying these aggregate numbers large country heterogeneity can again be observed (see Figure 3 ). In particular those countries with an overall increasing demand experience a significantly higher than average increase in net imports, e.g. Spain, Greece, Belgium and Bulgaria. Furthermore, countries with initially large domestic production become more and more dependent on imports such as the UK (+36% net imports between 2010 and 2030). The production in the Netherlands decreases to a level just above self-sufficiency. Their role is projected to change from a significant net exporter in 2010 to a transit country by 2050 with significantly increasing imports, partly from LNG. Italy and particularly Austria become more and more important in the interEuropean transit of natural gas as well. Some large natural gas consumers such as Germany and
France experience a significant reduction of net imports over time, in line with their declining consumption rates. Similarly, the stagnating European LNG imports must be seen in the context of a globally increasing demand for natural gas which triggers a considerable increase of LNG imports in other regions than Europe. As Europe, in contrast to most other world regions, is well-supplied by a relatively large number of pipeline suppliers, its relative willingness-to-pay for LNG imports becomes smaller than in other regions. In particular the Asia-Pacific region with such booming natural gas markets as China and India and the ever-strong demand in Japan increases its role in the world markets substantially. Asia-Pacific sees a threefold increase of consumption between 2010 and 2050 and an increase of its share in world consumption from 18% to 30%. A large share of this demand is satisfied by LNG and the Asia-Pacific region draws about 75% of the LNG exports from the other world regions (than ASP) in 2050.
More than half of European LNG imports are shipped to the UK and Spain. In particular the UK imports more LNG over time due to decreasing domestic production levels and too little interconnection with the Continental pipeline network. Spain's LNG imports steadily decline over time while African pipeline gas becomes more important. A similar situation will be observed in Italy: additional pipeline gas imports from Africa and the Caspian substitute for LNG imports. Moreover, France's LNG imports from Africa are phased-out over time due to unfavorable costs. Ireland, Poland, Germany and the Netherlands start importing LNG as of 2015.
The two main drivers for infrastructure expansions are increasing import needs and the market power assumptions for the particular traders. 6 The model results for consumption, production and trade are simultaneously determined with the decisions on infrastructure expansions. On the one hand, a change in the trade pattern determines the necessity of additional pipeline capacities and LNG infrastructure. On the other hand, the existing infrastructure as well as the costs and restrictions on further expansions determine to which extend trade between two regions is possible. Rising LNG imports to the UK can be satisfied by the existing regasification capacity. In contrast, in Ireland, Poland, Germany and the Netherlands new LNG regasification terminals are built (to-
is not economically sensible to build additional capacities. Already planned-and therefore includedexpansions in these countries are not used. Austria (by 0.25 EJ/y) and from Austria to Germany (by 0.15 EJ/y) (see Figure 5 ). Given our assumptions on pipeline length and expansion costs and taking into account the investment into additional LNG infrastructure, total investment costs for the EU-27 can be estimated at around € 25 bn. until 2050. 10 More than 65% of these costs fall due before 2020, more than 94% before 2025.
Variations from the base case -Other EMF (decarbonization) scenarios
In this section, we briefly discuss the GGM results for the EMF scenarios EU4 (40% GHG emissions reduction), EU6 to EU10 (80% GHG emissions reduction) and EU11 (no climate policy).
The scenario input is again based on the PRIMES results of the respective scenario. While the aggregate EU-27 production level decreases in a similar way in all EMF scenarios, it is only marginally lower in the 80% scenarios than in the 40% scenarios. However, aggregate consumption differs significantly between the other EMF decarbonization cases (see Figure 6 and Figure 7 ). Two observations can be made: First, the consumption of natural gas in the EU declines in all scenarios which assume at least a moderate climate policy. Only the counterfactual scenario EU11, abstracting from any climate policy in the EU, is characterized by an increasing natural gas consumption until 2030 which is slightly declining thereafter to still reach a level above the 2010 level in 2050. Second, among the climate policy scenarios, two clusters can be identified-corresponding to the strictness of assumed GHG reduction targets. The natural gas consumption in the 40% scenarios EU1 and EU4 stays at a similar level which is significantly higher than that of all 80% reduction scenarios. In the second cluster, the scenarios EU7 and EU9 lie above the other ones. As can be inferred from the consumption and production patterns, similar clusters form concerning EU-27 net imports of natural gas. In the 40% and EU11 scenarios the net imports increase over time. In contrast, in all 80% scenarios the net imports increase slightly in the first periods, but start to decrease in 2030 at the latest. Hence, in all 80% scenarios the motivation for additional infrastructure at most fulfilled in the first periods. Transportation network expansions can consequently be expected to be of a small scale. Naturally, scenario EU11 results in considerably higher expansions for all major pipeline pro-
jects. Moreover, a new route via Turkey to Greece and from Greece to Italy (ITGI) is added to bring
Caspian natural gas to Southern Europe. Additionally, in Germany a significant amount of regasification capacity is built (0.22 EJ/y). A similar and more detailed discussion of pipeline expansion in a context of increasing natural gas consumption can be found in the next section which analyzes the "Back-Up" scenario. In contrast to EU11, the "Back-Up" scenario is not defined to be counterfactual but is by itself in line with a moderate climate policy. 
Alternative scenarios: Growing importance of natural gas in a climate-friendly Europe
The EMF scenarios discussed in the previous section are all characterized by a decrease in EU natural gas consumption-independent of the underlying assumptions on both the political framework and the availability of technology options (cf. Figure 7 ). In the political and public debate, however, natural gas is often perceived as an important energy carrier on the way to a low carbon economy, i.e. as a "bridge technology". 12 Compared to other fossil fuels natural gas has the lowest carbon content per unit of energy and is additionally highly flexible to be used as a backup for intermittent renewable power generation. This discrepancy between the scenarios analyzed above and the advantages of natural gas has led us to go beyond the analysis of our PRIMES-based EMF scenarios and investigate projections from other model frameworks characterized by increasing natural gas consumption in the EU.
In this respect we have created two alternative scenarios in which natural gas plays a vital role-at least in the short-run-for the transition to a low carbon economy. The alternative climate scenarios are consistent with respective to the CO 2 emission reduction paths. The first scenario, "Back-Up" (discussed in Section 4.1) is based on the World Energy Outlook 2012 (WEO) recently published by the International Energy Agency (IEA, 2012) providing projections for the global energy system until 2035. Particularly we argue that the WEO's New Policy Scenario (NPS) is comparable to the 40% reduction EMF scenarios. In the NPS, the underlying moderate EU climate policy leads to an overall reduction in the use of fossil fuels with a shift from coal and oil to renewables and natural gas.
Hence, natural gas consumption is projected to increase steadily until 2050 because it is employed as a backup technology for intermittent renewables. The second scenario, "Bridge" (see section 4.2) is based on results of the PET model for the EMF EU7 scenario, i.e. a scenario characterized by a 80%
GHG reduction in the EU by 2050 (see Labriet et al., 2012 , for the model description and Knopf et al., 2013 , for an overview of different models' results in the EMF 28 group). While natural gas consumption increases slowly until 2030, it decreases sharply afterwards. This scenario comes closest to the described "bridge into a low carbon future" and is hence worth analyzing with respect to infrastructure expansions. The nuclear phase-out in Germany by 2022 is taken into account and CCS is assumed to potentially be employed only on a limited scale. The NPS shows that this can still be consistent with moderate climate policies projecting a reduction of EU CO 2 emissions by 32.6% until 2035 compared to the 1990 level, even without CCS in natural gas electricity generation. The emissions reduction can be decomposed into a scale and a substitution ef-13 See also Paltsev (2011) for a scenario analysis with a short-term increase in natural gas consumption followed by a sharp decrease as of the mid-2030s.
fect (see Figure 9 ). On the one hand, the total consumption of the three fossil energy carriers, oil, coal and natural gas, is projected to steadily decline between 1990 and 2035 (the scale effect). On the other hand, the relatively carbon intensive fossils coal and oil are substituted for by natural gas, whose combustion generates less CO 2 per unit of energy (the substitution effect). In particular, the use of coal in the power generation is significantly reduced (-70% relative to 1990). About two thirds of the overall emission reduction until 2035 can be attributed to the scale, the remaining one third to the substitution effect. As can be inferred from Figure 10 the NPS emissions reduction path is comparable to the assumed path within the EMF 40% reduction scenarios. Both projections reach a similar level of CO 2 emissions in 2035 which is about 30% lower than the level of 1990.
Our first alternative scenario, which is discussed in the following, is based on the NPS with a conservative extrapolation of the use of different energy technologies in the EU and in accordance with the 40% reduction target by 2050. The consumption of fossil fuels in total is further reduced; the consumption of natural gas is projected to slightly increase to a level about 20% higher than in 2010.
14 In accordance with the underlying assumptions of a moderate climate policy (-40% reduction) we discuss the alternative scenario relative to the base case EU1.
The general setting and aggregate differences are summarized by Figure 11 . While EU production levels are only marginally larger than in the base case, by construction in the WEO-based "Back-Up" scenario the EU-27 consumption of natural gas lies well above EU1 levels. In 2030 about 20 EJ/y are consumed (27% more than in the base case EU1) increasing to 22 EJ/y in 2050 (52% more than in the base case EU1). Consequently, the discrepancy between falling production and steadily increasing consumption leads to an even higher import dependency than in the Base Case, reaching up to 94% in 2050, which is partly satisfied by a higher level of LNG imports (see below). Obviously, the EU share in total world consumption is higher in the "Back-Up" scenario than in the base case since the Rest of World assumptions (with strong consumption increases) are left unchanged between both scenarios: the EU-27 (EU-30) share in global consumption decreases from 15% (17%) in 2010 to 7% (8%) in 2050 in the base case EU1; while it decreases to 11% (12%) only in the "Back-Up" scenario. The increased consumption levels in 2030 relative to the base case are spread across all EU member states with significant higher levels (in absolute terms) in Germany, Italy, the UK and Poland. The latter is due to significant substitution of natural gas for coal in power generation.
In 2030 total net imports into the EU (17 EJ/y) are 33% higher than in the base case rising to a 57% higher level (21 EJ/y) in 2050. In absolute terms additional net imports are mainly going to Germany, Italy, the UK and Poland (see Figure 12 for a 2030 comparison). All major EU1 flows are seen and intensified further in the "Back-Up" scenario. More trade takes place via the White Stream pipeline and through imports from Africa. The role of Austria, Hungary, Romania and Slovakia as transit countries is consequently more pronounced in the "Back-Up" scenario. Natural gas traded in form of LNG oscillates around a 25% share of total EU net imports. Accordingly, almost 5 EJ/y of LNG is projected to be imported by the EU in 2050. LNG imports from the Middle East increase over time, however its market share declines. Both South America and Russia are projected to gain a larger share in the European LNG market. North American LNG will be exported to the EU as of the mid-century. The higher LNG imports relative to the base case lead to a small increase in the expansion of regasification facilities in the EU. Until 2050 a capacity of 1.9 EJ/y is built up compared to only 1.7 EJ/y in the base case (thereof around 1.5 EJ/y exogenously given in both scenarios). The expansion is higher in Ireland and Germany (about +0.1 EJ/y until 2050 each). In Poland there is no additional investment to the scheduled (exogenous) expansion in either scenario.
A larger difference between the two scenarios can be observed in the expansion of the pipeline network directed towards Europe. Figure 13 contrasts cumulative pipeline expansions for selected connections until 2050 in the "Back-Up" scenario with the base case. There is a significant expansion of pipeline capacity both in the Southern corridor from the Caspian region via Romania, Hungary and Austria to central Europe and from Africa towards Spain and especially Italy. In particular relative to the base case EU1, pipeline expansion from the Caspian region to Asia is diverted towards Europe.
One additional import pipeline to Europe (EU-30) is constructed from the Middle East (e.g. Iran) to
Turkey and then on to Greece and Italy via the Trans Adria Pipeline (TAP) as well as to Bulgaria. As in the base case, existing or scheduled pipelines from Russia and Norway are sufficient to meet the increasing import demand of the EU27 from these production regions. The absence of additional expansion from Russia towards Europe shows an effective restriction in its production capacity as well as the growing competition of the EU with Asia-Pacific and the Russian domestic consumption.
Total EU infrastructure investments in the "Back-Up" scenario are projected to be almost twice as high as in the base case EU1. They reach almost 43 bn € until 2050, with investments before 2025 being already significantly higher than total expenditures in the base case. 4.2 Natural gas as bridge fuel towards 80% GHG emission reduction: the "Bridge" scenario
In this section we take a closer look at the "Bridge" scenario which we define based on the PET model's results for the EMF scenario EU7. This second alternative scenario is characterized by an 80% GHG emission reduction policy in the EU. In particular the comparison with the "Back-Up" scenario reveals some interesting insights concerning infrastructure expansions.
Until 2030 one can observe similar paths between these two scenarios concerning production, consumption and trade patterns for the EU aggregate, followed by a sharp divergence between both scenarios thereafter (see Figure 14) . In 2030 the EU aggregate consumption levels are almost the same for both cases being about 10% higher relative to 2010 levels. However, while consumption increases steadily further in the "Back-Up" scenario it decreases fast in the "Bridge" scenario. In 2035 the latter is 23%, in 2050 74% below the "Back-Up" consumption level and 69% below the 2010 consumption level. Both absolute imports (LNG and via pipelines) and the import dependency are close but higher in the "Bridge" scenario until 2030. LNG imports in this scenario reach a level of more than 5 EJ/y in 2020-a share of up to 32% of net imports. Indeed, there is spare LNG capacity in the EMF decarbonization and the Back-Up scenarios which is fully used in the Bridge scenario until 2030 because it can flexibly serve the additional demand for the limited time period until 2030. As demand is not sustained in the long-term, many infrastructure expansions in the pipeline network are hardly economically justifiable and LNG regasification is the alternative short-term option to serve the high demand.
Let us look in detail at the different infrastructure expansion schemes caused by the short-term similarities and long-term differences between both alternative scenarios. Figure 15 shows the absolute difference between cumulative infrastructure expansions until 2050 in the "Back-Up" and the "Bridge" scenario relative to the base case EU1. The pipeline expansion levels in the "Bridge" scenario are close to the base case levels. This is in contrast to the other 80% scenarios (see Section 3), compared to which the Bridge expansions are generally higher (with a few exceptions). However, expansions of regasification facilities are highest in the "Bridge" scenario (2.14 EJ/y compared to 1.90 EJ/y in the "Back-Up" scenario). 15 The expected decline in demand after 2030 in the "Bridge" scenario reduces total infrastructure investments and shifts pipeline expansions towards short-term economical and more flexible LNG facility expansions. Figure 16 illustrates cumulative infrastructure expansions in both pipelines and LNG facilities until 2050 for the "Bridge", the "Back-Up" and the EU1 scenario. Until 2025 the two alternative scenarios follow a similar expansion path, slightly higher than the one of the base case. After 2025, only in the "Back-Up" scenario the cumulative expansions increase gradually up to a significantly higher level.
Total EU infrastructure investments in the "Bridge" scenario are about € 26 bn., close to the expenditure figures in the base case-hence well below the investment costs in the "Back-Up" scenario. Among all three scenarios, the "Bridge" scenario is characterized by the highest investment levels in the first two model periods. Moreover, in this scenario 99% of all investments is done before 2025 compared to only 69% in the "Back-Up" scenario. 
Regional Focus: Perspectives of Central and Eastern Europe
In this section, we take a closer look at the results for Central and Eastern Europe (CEE) with a particular focus on infrastructure expansions and their role for supply security. We concentrate on the base case EU1 and the "Back-Up" scenario to highlight the results of the two extreme scenarios.
Central and Eastern Europe currently suffers from a strong dependency on Russian natural gas exports. The only direction of pipeline flows is from the East (Russia and subsequent transit countries) westwards. Some countries currently have a small domestic production (Romania, Poland, Czech Republic, and Hungary), but this will phase out until 2040 (expect in Romania). 16 While natural gas is usually not the dominant fuel in the energy systems of the CEE countries, it is often the input fuel for peak power generation (e.g. on high-demand winter days). This makes these countries vulnerable to unilateral disruptions by Russia such as in the winters 2008/2009 (gas dispute between Russia and Ukraine, cf. Stern, 2010) and 2011/2012 (strong winter and gas dispute). They would benefit from a diversification of supplies, even if it affects only small shares of total imports. Instruments such as reverse flow capacity, LNG terminals in coastal countries, and increasing storage capacity have been discussed in the last years to improve the supply security by increasing the number of potential exporters to the CEEC. Figure 17 shows all major pipeline expansions in this region-illustrated by arrows for the "Back-Up" scenario and compared to the base case EU1. Let us highlight some major observations.
First, Caspian natural gas finds its way to central Europe via a significant pipeline expansion through Bulgaria, Romania and Hungary to Austria. This leads to a finer mashed pipeline network towards and within CEE than is currently the case, resulting in a potentially higher diversification and a reduction of the dependence on Russian natural gas. This goes hand in hand with a relatively small expansion from Russia towards Bulgaria (currently under construction, hence exogenous model input). Italy (the TAP). Third, both expanded pipeline routes to Austria-White Stream from the Caspian Rereduction of natural gas consumption in most scenarios, shale gas hardly seems to have a perspective in Europe anyways.
gion as well as the connection between Italy and Austria-lead to a further capacity expansion towards Germany. In the "Back-Up" scenario this expansion accounts for almost 2.5 EJ/y.
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Fourth and importantly, a West-East natural gas transfer (reverse flow) becomes possible due to some new pipelines. Poland can import more natural gas via Denmark and the Czech Republic; the pipeline from Austria in direction to Slovakia is built, as well as the pipeline from Austria to Hungary and further on to Romania and from Italy to Slovenia.
18 Fifth, the figure shows that no additional pipeline capacity towards Switzerland is needed. Despite an increasing demand in the "Back-Up" scenario by around 20% between 2010 and 2050 due to the scheduled nuclear phase-out, existing capacities from France, Italy and Germany are sufficient without any need for expansions. Remarkably, the Caspian region and Africa become more and more important origins of Swiss supplies. Finally, there will be no LNG regasification capacity construction in addition to the small Polish terminal currently under construction. Pipeline supplies, including reverse flows, will remain the preferred way of import, even for coastal countries.
Conclusions
A European low-carbon future relies necessarily on a significant change in the current energy system. Analyzing the different possible GHG mitigation pathways until 2050 is the main concern of the EMF 28 effort. In this paper we take a closer look at the natural gas sector with a particular focus on infrastructure needs to accommodate the transition to a low-carbon economy. To this end, we employ the Global Gas Model, a complementarity model of the world natural gas market, and analyze three potential and quite opposite pathways for the role of natural gas in Europe: First, a continuously decreasing consumption of natural gas in the EU, second, a slightly increasing consumption path and third, the role of natural gas as a bridge fuel to a low-carbon Europe.
In a first step we analyze eight climate scenarios based on input from the PRIMES energy system model. These EMF scenarios have been defined along the two dimensions of technology availability and policy stringency. All these scenarios with an implemented climate policy are characterized by a decreasing natural gas consumption-the more stringent the climate policy the lower the level of consumption. Hence, in the 80% GHG reduction scenarios there is no need for large-scale pipeline expansions. The decline in European domestic production and the increasing reliance on African and Caspian exports to supply Europe, however, lead to some expansions from Africa to Spain and Italy and from the Caspian via the White Stream project to Central and East Europe. Russia is oriented towards its domestic market and the Asia-Pacific region and there are no further expansions except for the already scheduled Nord Stream and a small part of South Stream. Similarly, European LNG imports stagnate and even fall after a peak in 2020 because of the strong demand in the Asia-Pacific region. The availability of shale gas, both as LNG exports from North America as well as with increased production capacity in some major demand regions of the world (e.g., China, Poland) could change this picture somewhat, by reducing the demand pressure from Asia-Pacific on the current large exporters. Russia would in that case export more to Europe and the LNG imports into Europe would also be higher.
In the 40% GHG reduction scenarios, the pipeline expansions from Africa and the Caspian region to Europe are more pronounced than in the 80% scenarios. In an alternative moderate climate policy scenario the continuously increasing natural gas consumption is analyzed ("Back-Up" scenario).
Expansions are significantly higher than in the EMF decarbonization scenarios, especially on the connections from Africa and the Caspian region to central Europe, and a new pipeline from the Middle East towards Turkey, Greece and Italy is invested in. The results of the "Bridge" stringent climate policy scenario show that long-term trade relations are needed to economically justify pipeline infrastructure construction. In this scenario hardly more infrastructure expansions take place than in the PRIMES-based EMF decarbonization scenarios. Instead, the existing idle LNG import capacities are used during the high demand period, supported by some additional expansions in regasification facilities.
The outcomes of all scenarios show an improvement of the import diversification of the European importers, in particular with the build-up of West-East (reverse flow) capacity that is still lacking in today's market. This is the result of an economic cost minimization mechanism in a capacityconstrained market with market power but with no explicit consideration of supply security considerations. In other words, supply security would benefit from relaxing the (institutional, political, and technical) constraints on investments as we assume for the period after 2020.
Future work should include a more detailed look at the developments in the other world regions than Europe to capture all global dynamics. In particular in the Asia-Pacific region a rich picture can be expected with strongly increasing demand in the emerging natural gas markets China, India, Thailand and others, booming natural gas production and LNG exports in Australia and a sustained high demand in Japan and Korea. Climate and energy policies in this region would impact the trade flows in the entire global natural gas market and merit a more detailed modeling analysis. Moreover, there is uncertainty on the development of a number of factors in natural gas markets and stochastic modeling may be an alternative to the deterministic scenario analysis presented in this paper. The next five to ten years will show if the tendency of lowering natural gas consumption in Europe as indicated by the PRIMES-based EMF decarbonization scenarios will realize. Indeed, a stronger reliance on natural gas may be a probable energy future and our alternative scenarios indicate the economic feasibility of such a pathway. 
